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Analysis and modelling of performances of the HL (Hyperloop) transport system
Introduction
The competition between contemporary transport modes has been rather constant over the past decades. However, this has not applied to the European long-distance passenger transport where the airlines have increased their market share substantively. Van Goeverden et al. [1] have estimated that air travel increased by about 45% between 2001 and 2013 while usage of the alternative modes has been rather stable (car, train) or declining (bus). The increasing dominance of air transport has enlarged the environmental impacts of long-distance transport and this trend is expected to continue in the next decades [2, 3] . The aircraft high speed in combination with comparatively low fares particularly those offered by low cost carriers has caused that requirements of travellers have become increasingly demanding, thus leading to a pressure on modes to offer high service quality particularly in terms of the shorter travel times, and low fares. In addition, the environmental impact of transport has gained increasing interest, implying a growing concern with the further dominance of air transport and a demand for more environmental-friendly competitive transport alternatives. This is particularly the case since the current transport modes have been trying to adapt their operational, commercial, environmental, and social performances, though being bounded by their technologies. For these technologies, marginal but not radical improvements have been permanently made. Radical new technologies, which could offer significantly better performances, are still rare and so far have not been able to enter the transport market successfully.
The HL (Hyperloop) system is a new transport technology in conceptual stage that is claimed to provide superior performances to HSR (High Speed Rail) and APT (Air Passenger Transport) system, particularly regarding the travel time, transport costs, energy consumption, and transport safety [4] . So far, studies on HL have focused on enabling technologies of the system such as the electromagnetic levitation [5] , the dynamics of the HL vehicle and the infrastructure [6] [7] [8] [9] , the implications of the HL for bridge dynamics [10] and the impact of earthquake forces on the HL vehicle [11] . Decker et al. [12] explored the feasibility of the HL system focusing on trades between technical/design aspects and the associated cost.
Finally, Janić [13, 14] analysed multiple performances (e.g. operational, economic, social, and environmental) of highspeed rail and compared them to competing modes, without including HL in his analysis though.
Existing studies have not yet systematically explored the HL system's performances as compared to other transport modes. This paper aims at filling in this gap in the literature by exploring the operational, financial, and social/environmental performances of the HL system and comparing them with those of the HSR and APT system. The results of such comparison are intended to underpin the discussion about the overall feasibility of the HL system.
In addition to this introductory section, the paper consists of four other sections. Section 2 provides a brief description of the considered HS (High Speed) transport systems -already fully operational HSR and APT and still on the conceptual stage HL system. Section 3 deals with an analysis and analytical modelling of the above-mentioned performances of the three systems. Section 4 gives a comparison of the HL system's performances with those of the HSR and APT. For such purpose, the inputs for estimating indicators of performances of the latter two systems (HSR and APT) are extracted from the existing secondary sources (references). The final Section (5) summarizes the main conclusions regarding the prospective advantages and disadvantages of the HL system and provides some perspectives on its market opportunities.
The HS (high speed) transport systems
In this section, we present an overview of the deployment and main technical characteristics of the three high speed transport systems considered in this study: HSR, ART and HL.
The HSR (high speed rail) system
The HSR systems have been developing worldwide (Europe, Far East-Asia, and USA -United States of America-) as an actually innovative system within the railway transport mode, particularly as compared to its conventional passenger counterparts. The system has had different definitions in the particular world's regions. For example: In Japan, the HSR system is called 'Shinkansen' (i.e., 'new trunk line') whose trains can run at the speed of at least 200 km/hr. The system's network has been built with the specific technical standards (i.e., dedicated tracks without the level crossings and the standardized and special loading gauge). In Europe the HSR system has included infrastructure specially built and/or upgraded for the HS (High Speed) travel and considered to be a part of the Trans-European rail transport system/network. Respecting the maximum speed, the HSR lines have been categorized as Category I (for the speeds equal to or greater than 250 km/h), Category II (those specially upgraded for the speeds of about 200 km/ h), and Category III (those upgraded with particular features resulting from the topographical relief or the town-planning constraints). In China, according to Order No. 34, 2013 from the country's Ministry of Railways, the HSR system has been considered to be the new built passenger-dedicated lines with (actual or reserved) speed equal to and/or greater than 250 km/h along these lines and 200 km/h along the mixed (passenger and freight) lines. In the USA, the HSR system has mainly been considered as that providing the frequent express services between the major population centres on the distances from 200 to 600 mi (mile) with a few or no intermediate stops, at the speeds of at least 150 mph (mi/h) on the completely grade-separated, dedicated rights-of way lines (1 mi = 1.609 km) [14] . Table 1 gives an example of developing the HSR networks round the world.
In addition, Fig. 1 shows the development of the passenger transportation in the European HSR network.
As can be seen, the volumes of transportation in terms of p-km have continuously been growing over the specified period of time, which has been possible thanks to expanding the HSR network in particular European countries.
The APT (air passenger transport) system
The APT has been permanently growing thanks to improving the 'aircraft capabilities' , the 'airline strategy' and 'governmental regulation' (Boeing, 1998). The 'aircraft capabilities' has related to increasing speed, payload, and take-off-weight. Both the speed and payload have contributed to an enormous increase in the aircraft productivity, for more than 100 times during the last forty years. In particular, increase in the speed has been noticeable over the last six decades as shown on Fig. 2 .
During the same period, the aircraft seat capacity has increased from 21 to 32 at the aircraft DC3 to almost 600 at Airbus A380. In addition, the 'airline strategy' have permanently deployed bigger, faster, safer, and more fuel-efficient aircraft equipped with lower emission and less-noise engines. As well, the aircraft of various sizes have been progressively engaged to efficiently match markets in the different network configurations, route length, and demand density. The 'governmental regulation' has mainly been leading towards liberalization of the national and partially international markets. That in USA (1978) and EU (European Union) (1997) are some of the earliest cases. Consequently, the APT system has been growing over time as shown by the examples on Fig. 3 .
As can be seen, in both areas the volumes of air passenger transportation have been generally growing in the long term, with some fluctuations. As well, the volumes of the world's air passenger transportation have been growing at an annual rate of 4-6% up to about 7 trillion p-km in the year 2015 [15] .
The HL (Hyperloop) system
Historically, several pneumatic and maglev trains similar to HL have been proposed at conceptual level primarily aiming to substantially reduce travel time compared to existing modes, and therefore being adopted in the transport system. For example, in 1910 Robert Goddard designed a floating train on magnets inside a vacuumed tunnel that could reach 250 miles/hour covering the distance between Boston and New York in 10 min. In 1972, RAND suggested that a very high speed transit (VHST) system operating in underground evacuated tubes propelled by electromagnetic waves would be technically feasible to travel coast-to-coast in the US in as low as 21 min [16] . Yet, this report recognized that political feasibility of such project would be very low.
For the purpose of this analysis and modelling its performances, the HL system is assumed to consist of five main components: i) the line/tube including at least two parallel tubes and the stations along them, which enable operations of the HL vehicles in both directions without interfering with each other and embarking and disembarking of passengers, respectively; ii) the fleet of HL vehicles, which can consist of a single and/or few coupled capsules (these are operated by means of a magnetic linear accelerator positioned at the stations, which would accelerate the vehicles/ capsules with the support of rotors attached to each of them); iii) the vacuum pumps maintaining the vacuum conditions within the tubes and at the stations at the specified parts; iv) the vehicle control system while operating along the line(s)/tube(s); and v) the maintenance systems for all previous components.
The tubes will be based on elevated pillars except for tunnel sections, while the solar panels above the tubes will provide the system with energy. The ultra-high vacuum approximately at the level of 10 − 8 Torr (British and German standards; Torr = Toricheli) would be maintained in the tube (the atmospheric pressure is variable but standardised at the level of 760 Torr or 1.013·10
5 Pa (Pascal)). Each station of the HL system is to be generally integrated within the tube. It would consist of three modules. The first one is the chamber as a part of the vacuum tube handling the arriving HL vehicle (ultimately 'arriving' chamber). After the vehicle enters, de-vacuuming of the chamber is carried out, and the vehicle proceeds to the second module with the normal atmospheric pressure where passengers embark and disembark the vehicle(s). After that, the vehicle(s) passes to the third chamber where at that moment normal atmospheric pressure prevails (ultimately 'departing' chamber). Then it spends time until the chamber is de-vacuuming, leaves it, and proceeds along the line/tube. This vehicle handling process takes place at each station of the line. The chambers are separated by the hermetic doors enabling establishing and maintaining the required air pressure in the above-mentioned order.
The capsules would operate in the above-mentioned low-pressure tube(s) on a 0.5-1.3 mm layer of air featuring the pressurized air and the aerodynamic lift as shown on Fig. 4 . Under such conditions, they would be able to reach the maximum speed of v max = 1.220 km/h [4] ; the maximum inertial acceleration would be a + = 0.5 g; g = 9.81 m/s 2 . The vacuum pumps are installed to initially evacuate and later maintain the required level of vacuum inside the tubes and in the stations' first and third chambers. In particular, creating vacuum within the tube implies an initially large-scale evacuation of air and later on removal of the smaller molecules near the tubes' walls using the heating techniques. These pumps would consume a rather substantive amount of energy. At the initial stage, they would operate until achieving the above-mentioned required level of tube vacuum, then, be automatically stopped, and the vacuum-lock isolation gates opened. In cases of air leakage in some section(s), the corresponding gates will be closed and the pumps activated again. The pumps would be located along the tube(s) in the required number depending on the volumes of air to be evacuated, available time, and their evacuation capacity. As far as de-vacuuming and vacuuming of chambers at the stations is concerned, the required number of vacuum pumps will operate accordingly.
Regarding the characteristics of operations within the tube and at the station(s), the control of safe and efficient movement of vehicles and maintaining the vacuum inside the tube and at the station(s) would be provided by the convenient traffic control and management system.
Given the above-mentioned technical features, the HL is envisioned to be a transport mode for the medium-to long-distance travelling. As such, if operating along the routes without substantive physical barriers, it seems to be a good alternative to APT. At present, the HL technology is being tested in practice on the short test tracks with prototype (capsule) models.
Musk [4] considers two variants of the HL system: exclusively for passenger only and mixed for both passenger and freight. The latter has larger dimensions for both the tube and the capsules. For example, the diameter of the tube for the exclusive passenger variant is 2.23 m and for the mixed passenger and freight variant is 3.3 m. The capsules for passengers only are of the standardized seating capacity of S = 28 seats/unit, the mixed passenger and freight variant gives room for 14 passengers and 3 full size automobiles per unit. In particular, those intended exclusively to passengers allow them only to sit since the lack of space for walking through the vehicle(s). In addition, the capsules of both variants lack the toilets, which diminishes the flexibility and applicability of the system because the vehicles would need to stop every 30-60 min for a longer time for toilet visits. The capsules of the passenger and freight variant seem to be sufficiently large to enable walking through the vehicle and to visit a toilet when this is built-in. Their frontal area is supposed to be 4.0 m 2 and the height about 1.9 m. The larger dimensions make the system more expensive, but they are essential for its functionality for long-distance travelling. Therefore, our analysis regards the passenger+freight variant with the larger dimensions. Unlike Musk [4] , we assume that it is fully utilized for passenger transport and that the seating capacity is equal to the capacity of the small dimensioned passenger only variant: 28 seats per unit. Room for the toilet can be gained by reducing the luggage compartment. The larger dimensions of the vehicles imply that a larger volume for luggage is available per m 2 area, and that the seating compartment has more room for storing luggage.
Modelling performances of the HL, HSR, and APT system
The development and adoption of transport innovations can be influenced by multiple factors. According to [17] development and adoption of transport innovations is a function of techno-economic, social and political feasibility. If any of those three minimum criteria is not met then the transport innovation will not be adopted. Janic [13] suggests that the performance of a new transport system can be considered in different ways and from the perspectives of different stakeholders involved, i.e., the users/customers, the transport operator, the governmental authorities at different institutional levels, and the society. If the different interests of stakeholders are not successfully balanced, they may block the implementation of a new transport system. In this study, we explore the operational, financial and social/environmental performances of HL that reflect its all feasibility dimensions (see Fig. 5 ). The performances of its counterparts HSR and APT are considered for the comparative purposes.
Operational performance
The operational performance of the HL system generally includes the system capacity and the quality of services. The former is mainly relevant for the operators, and the latter for the users/customers.
Capacity
Similarly to its counterparts, the HSR and APT, the HL system is characterized by its traffic and transport 'ultimate' capacity. The 'ultimate' capacity is the capacity in the case that everything functions perfectly. In practice, this condition is not met, and the 'practical' capacity will be somewhat lower than the 'ultimate' capacity.
a) Traffic capacity
The traffic 'ultimate' capacity is defined by the maximum number of vehicles, which can pass through the "reference location" for their counting in one direction during a given period of time under conditions of constant demand for service. In case of the HL system, this is actually the capacity of the infrastructure, i.e., stations, segments between the stations, and the line/tube as the whole.
i) Station(s)
The 'ultimate' capacity of the station (i) of a given HL line/tube can be 'static' and 'dynamic'. The 'static' capacity can be defined by the number of tracks/places at the station. The static capacity that is needed to handle the vehicles of guided transport systems during the given period (T) under conditions of constant demand for service can generally be estimated as follows:
where μ i-1 (T) is the capacity on the (i-1) segment of the line/ tube in terms of the maximum transport service frequency during the time period (T) (veh/min or h); and τ s/i is the average time of occupying a track/place at a station (i) by the Hyperloop vehicle (min, h/track).
In the case of the HL system the relation between occupation time and capacity is more complex. The vehicles pass through the three above mentioned chambers, an arriving chamber, a chamber for disembarking and embarking passengers, and a departure chamber. The arriving and departure chambers function as locks. The static capacity is not related to the sum of these occupation times by a vehicle of the three chambers (τ s/i ), because a) occupation times can overlap (e.g. vehicle 1 can enter the arriving chamber while vehicle 2 is still occupying the platform in chamber 2) -this enlarges the capacity-and b) the arriving and departure chambers are for some time occupied while they are empty (adapting the air pressure for the next vehicle) -this lowers the capacity-. The static capacity of HL can be estimated as:
where τ ca/i is the average occupation time of the arriving chamber of station i for one vehicle (min) τ p/i is the average occupation time of the platform of a station (i) by one vehicle (min). τ cd/i is the average occupation time of the departing chamber of station i for one vehicle (min) Assuming that the occupation times of the two chambers that function as a lock are equal (τ ca/i = τ cd/i ), the equation can be rewritten as:
where τ c/i is the average occupation time of a lock chamber of station i for one vehicle (min) The meaning of the eqs. 1 to 3 is, that the number of tracks will be sufficient to handle the vehicles when they run at a frequency that equals the segment capacity. This implies that the station capacity will not be critical for the traffic capacity. However, there may spatial or financial limitations for the number of tracks. One should note that a track includes three chambers and each additional track means building three additional chambers. In that case the station capacity can be critical.
The 'dynamic' capacity of the station (i) can be defined by the maximum number of HL vehicles, which can be handled at the given number of tracks/spaces at the station (i) during the given period (T) under conditions of the constant demand for service. Based on Eq. 3, this can be estimated as follows:
where all symbols are analogous to those in Eq. 3. The occupation time of one lock chamber (τ c/i ) in Eq. 4 can be estimated as follows:
where V i is the spatial volume of the first ('arriving') and the third ('departing') chamber at the station (i) of the line/ tube (i = 1,2,.., N) (ft 3 or m 3 ); k c is a binary variable taking the value "1" if a vehicle is in the chamber and the value "0" is the chamber is empty; during the vacuuming and de-vacuuming cycle, both values apply one time; V c is the spatial volume of a vehicle (ft 3 or m 3 ); P 1i , P 2i is the initial and final pressure during devacuuming and vacuuming the first ('arriving') and the third ('departing') chamber of the station (i), respectively (mmHg or Pa (Pascals)); n i is the number of vacuum pumps at a lock chamber of the station (i); C i is the capacity of a vacuum pump at the first and the third chamber of the station (i) (ft 3 /min or m 3 /min); and τ 0i is the average time of opening and closing the lock gates and disembarking and embarking the HL vehicle in the chamber of the station (i) (min).
Under an assumption that the first and the third chamber at each station are of the same volume, this volume of either of them at the station (i) in Eq. 3 can be estimated as follows:
where A i is the area of the vertical profile of the first ('arriving') and the third ('departing') chamber (m 2 ); m is the maximum number of capsules constituting the HL vehicle per single departure; d is the length of the HL capsule (m); B is the 'buffer' distance between the ends of the HL vehicle and the entry and exit door, respectively, of the first and second chamber (m); Δ is the diameter of the chamber (m).
The volume of the vehicle can be estimated as:
where A c is the frontal area of the capsule (m 2 ). The occupation time of the platform can be described as;
where τ ab/i is the average time that a vehicle stays at the platform for boarding and alighting; τ e/i is the minimum time between leaving a vehicle and entering the next at the platform ii) Line segment(s)
The 'ultimate' capacity of the segment (i-1) in front of the station (i) of a given HL line/tube during the period (T) in Eq. 1 can be estimated as follows: assumes that for safety reasons in each pair of successive HL vehicle(s) moving in the same direction the leading vehicle needs to be separated by at least the minimum breaking distance of the following vehicle.
iii) Line/tube
The line/tube capacity is the traffic capacity of the HL system and is defined as the lowest of the station and segment capacities. From Eqs. 4 and 9, the 'ultimate' capacity of a given HL line/tube in the single direction can be estimated as follows:
where all symbols are analogous to those in the previous Eqs.
Eq. 10 indicates that the 'ultimate' capacity of a given HL line/tube is determined by the minimum 'ultimate' capacity of its ("critical") segment(s) and/or the station(s). The 'ultimate' capacity is higher than the 'practical' capacity. The latter can be described as:
where. μ(T)* is the practical traffic capacity; U i is the utilisation rate of the ultimate traffic capacity b) Transport capacity
The transport 'ultimate' capacity of a given HL line/tube can be expressed by the maximum number of offered seats in the single direction during the specified period of time (T). Based on Eq. 10, it can be estimated as follows:
where S is the number of seats per capsule (seats/capsule). The other symbols are analogous to those in Eqs. 6 and 10.
The practical transport capacity can be described as:
where C(T)* is the practical transport capacity;
Θ is the average load factor of the vehicles (the 'utilisation rate' of the ultimate vehicle capacity) For the practical applications, the actual transport service frequency instead of the 'ultimate' transport capacity of a HL line/tube in Eq. 10 needs to be considered. This frequency generally depends on the volumes of demand, the HL vehicle's average seating capacity per departure, and the average preferred load factor as follows:
where Q(T) is the user/passenger demand during the period (T) in single direction (pass/h or pass/day); The other symbols are analogous to those in Eq. 13. The meaning of Eq. 14 is that if the frequency is set equal to the practical traffic capacity (μ(T)*), the transport capacity can be superfluous compared to the demand. That could be a reason to provide services with a lower frequency. In that case, the (scheduled) service frequency can in some cases depend on a policy regarding a 'decency' transport service frequency.
c) Technical productivity
Multiplied by the average vehicle operating speed along the line/tube the transport capacity gives an estimate of the technical productivity of a HL system under given conditions. From Eqs. 10 and 14, this maximum technical productivity is equal to:
where v is the average speed of the HL vehicle(s) along the line/tube in the single direction (km/h). The other symbols are analogous to those in the previous Eqs.
One can conclude from Eqs. 11 and 14 that f(T,Q) never can exceed μ(T). Eq. 15 can then be rewritten as:
The average speed ( v ) of the HL vehicle(s) in Eq. 16 can be estimated as follows:
where L is the length of a given HL line/tube (km); and τ is the average turnaround time of the vehicles/capsules (min)
The other symbols are analogous to those in previous Eqs. The technical productivity in Eq. 16 can also be estimated analogously.
d) Fleet size
Based on Eq. 3, the total time, which the HL vehicle(s) would spend at all stations along the line while moving in the same direction, is estimated as:
where N is the number of stations along the line/tube including the begin and end station (terminuses); and τ s/1 , τ s/N is the average time, which the HL vehicle spends at the begin and the end station (terminus), respectively (min/veh). τ s/i is the passing time of a vehicle through the station (see also Eq. 1), This time is equal to:
The other symbols are analogous to those in Eq. 3. The running time of the HL vehicle(s) along the line/ tube in the single direction is estimated as follows:
where v max/i is the maximum operating speed of the vehicle along the (i)-the segment of the line (km/h); and a
is the maximum safe deceleration and acceleration rate, respectively, of the HL vehicle(s) on the (i)-the segment of the line (m/s 2 ). The total turnaround time of the HL vehicle along the line can be estimated based on Eqs. 18 and 20 as follows:
Given the transport 'ultimate' capacity of a given line/ tube (μ(T)) in Eq. 10 or the transport service frequency in Eq. 14, and the average turnaround time per vehicle (τ) in Eq. 21, the required size of the HL fleet (Total number of capsules) can be estimated as follows:
Quality of services
The quality of services influences (in addition to fares) the attractiveness of the HL system services and as such indicates its relative advantage/disadvantage over the competing modes such as HSR and APT. The relative advantage can be seen as the degree to which an innovation is perceived better than the product it replaces or competes with [18] . The relative advantage has considered to be one of the strongest predictors of the outcome of the decision on whether or not to adopt the innovation. In general, a new transport system does not need to perform better on all aspects, but overall -taking all the relevant characteristics of the service into account -it should offer some added value, i.e., benefits to its users/passengers. In the given context, the attributes of quality service of the HL system such as a) door-to-door travel time; b) transport service frequency; and c) reliability of services are considered relevant for eventual mode/system choice.
a) Door-to-door travel time
The door-to-door travel time consists of the access and egress time, schedule delay (including possible time for luggage checking) at the boarding and alighting stations, in-vehicle time, and the interchange time between different HL vehicles and their particular services at intermediate and end stations.
i) The access and egress time
The access and egress time depends on the interconnectivity between the HL system and the pre-and post-haulage systems, the density of the HL stations, and the speed of the pre-and post-haulage systems (from the users' doors to the HL station, and vice versa). The access and egress time generally varies at particular HL stations depending on the local spatial and traffic conditions.
ii) The waiting time
The waiting time depends on the frequency of accessible HL services. If there is no limitation on the accessibility, the waiting time is determined by the schedule delay. Based on Eq. 14, the schedule delay can be estimated as follows:
where all symbols are as in the previous Eqs.
In the case of full accessibility and frequent and punctual services, the waiting time will be equal to the schedule delay. If the frequency is lower than 6/h, the average waiting time at the station will tend to be van 
smaller than the schedule delay [19] , but then there will be some 'hidden' waiting time at the departure location. If seat reservation is obligatory, which is common for longdistance modes, the passengers can use only the service for which they reserved a seat; in that case, the frequency of accessible services is just 1. Particularly in the case of low frequencies, the timetables of connecting scheduled systems as well as risk aversion of travellers for missing the intended service can affect the waiting time.
Low punctuality increases waiting time. The punctuality of the HL system correlates with the homogeneity of successive services (regarding to destination/routing, intermediate stops) and the scheduled buffer times. In the case of a network where some passengers also make interchanges, the policy on whether/how long to wait for the delayed connecting services can additionally affect the punctuality and waiting time.
iii) In-vehicle time and interchange time
The in-vehicle time of the HL system depends on the travel distance, the average speed, and the stopping time at the particular stations.
If the HL system is set up as the network where some travellers also make interchanges within it, the interchange time will depend on the frequency of services, matching the timetables, punctuality, and the policy on waiting for delayed connecting services.
The in-vehicle time and the interchange time correlate with the door-to-door distance. The access/egress and waiting times are 'fixed 'times to this respect. The relative values of the latter two time components will decrease when the travel distances increase.
iv) Interchanges
The need to make interchanges generally diminishes the overall quality of service because these may extend travel times and make trips less convenient. In the long-distance travel markets, which the HL system is supposed to penetrate, the users/passengers usually have luggage with them. They generally will have to make at least two interchanges (between the access mode and the HL, and between the HL and the egress mode). In some cases they have to make interchanges within the HL system. The opportunity of interchanges in the access and egress trips is related to the density of HL stations. The opportunity of interchanges within the HL system is related to the design of the HL network.
b) Transport service frequency
The relevance of the service frequency as perceived by the traveller will depend on the envisaged business plan of HL: either as a 'walk up' service (i.e. direct access without reservation in advance) or through an advanced obligatory seat reservation. In a scenario with the advanced seat reservation, on the one hand a lower frequency (i.e. 3-4 dep/h) would be well acceptable, while on the other hand the offered service frequency at the time of booking will be lower than the scheduled frequency in the case services are fully booked. In case of 'walk up' services the service frequency can also be lower than the scheduled frequency, i.e. when the demand exceeds temporally the offered capacity; then the imbalance between demand and supply will increase waiting times [20] .
c) Service reliability
The HL system has two major characteristics that enable a potential high reliability of its services. This is a completely automated system, which as such, per definition, excludes delays due to the human errors. In addition, HL system operates in a closed environment which makes it resilient to the weather conditions. Of course, like any other transport system, the reliability of the HL transport services will depend on the technical reliability of all parts of the system (i.e., capsules, infrastructure, and control system). Table 2 gives the very preliminary estimates of the above-mentioned indicators of operational performances for three considered systems -HL, HSR, and APT using the above-mentioned analytical models. Mode specific assumptions are presented below the table in the form of notes.
As can be seen, based on the technical characteristics of the HL, its transport service frequency is estimated to be 12 dep/h, which is comparable to that of HSR. In addition, under given conditions, the HL system would perform better than its HSR and APT system counterpart only in terms of the indicator -the total station-station travel time.
The station capacity depends on the choices of pumping capacity and number of tracks. Based on Eq. 5, the pumping capacity for one lock chamber that makes the capacity of the chamber equal to the segment capacity can be calculated. Assuming one track, the required capacity can be described as:
Assuming that the chamber diameter is equal to the tube diameter (Δ = 3.3 m), and that m = 1, d = 30 m, B =MSL (Middle-Sea-Level)), P 2i = 1·10-10 Pa (Ultra High Vacuum), f = 12/h, U i = 0.8 and τ 0i = 1 min, the required pumping capacity is about 5000 m 3 /min, e.g. 10 pumps (n i = 10) that produce 500 m 3 /min each (C i = 500). If more tracks are built, the calculated pumping capacity should be divided by the number of tracks.
Financial performance
Similarly as at the other transport modes and their systems, the financial performance of the HL system is defined by its revenues, costs, and profits as the difference between the former two. Consequently, the zero profitability achieved by the competitive prices given the costs could guarantee the bottom line for a stable economic viability of the HL system.
Costs
The costs consist of capital costs, operational costs, and overhead costs. The capital costs are the costs for building the infrastructure (tracks, stations), and the costs for purchasing the vehicles. The operational costs regard the cost of maintenance of infrastructure and vehicles, and the costs related to the operation of the vehicles and stations. The overhead costs comprise the capital and maintenance cost of real estate, and the staff costs.
The estimation of the costs of a still not existing system is a rather complex task. Therefore, in the given context, these costs are estimated based on published figures regarding the actual costs of the Maglev-system that are -to a certain extent -comparable to that of the HL system [21] .
The cost level is defined by the cost value, currency, and time. One Euro in 2010 reflects a different cost level than either one US Dollar in 2010 or one Euro in 2015. For the sake of comparability, we will convert the figures to Euros of 2015.
a) Capital cost for building tracks
The capital cost for building 1 km of line/tube is likely to depend largely on the local conditions. Building in an empty area on flat sandy soil will be cheaper than building in a highly urbanized area, in moorland, or in mountains. Crossing wide rivers or the need to build tunnels will increase the costs. Musk [4] has estimated the costs of tubes on pylons and tubes in tunnels amounted €10.3 million/km and €34.0 million/km, respectively, for the passenger + freight variant (converted into 2015€).
For the purpose of comparison, there is the example of a high-speed Maglev connection between Shanghai Pudong airport and the outskirts of the city in the form of a dual track of the length of 30 km and two stations (begin and end). Published costs are $1.2 billion and $1.33 billion [22, 23] (2002$US). A possible explanation for the difference is the exclusion/inclusion of the two stations. Both amounts included the purchase cost of the vehicles. Excluding station costs and vehicle costs, the investment costs would have been about €41 million per km track (€2015). Cost estimates for an extension of the line to Shanghai Hongqiao Airport were just the half: about €20 million €/km [24] . A reported reason for the lower costs has been using all-concrete modular design that would reduce the cost by 30%. A second possible reason for the lower cost has been a more solid soil. The current track has been built in an area with seismic activity and weak alluvial soil. This has required the construction on piles, which raised the costs. Another cost estimate of 34 million AU$/km (2008) or 26 million €/km (2015) relates to the proposed Maglev line in the Melbourne area [25] . This estimate is somewhat higher than that for the Shanghai extension. Considering that the cost estimates generally are too low and therefore the Melbourne estimate might be more realistic than the Shanghai estimate, it is assumed that the costs of the Maglev track are in the order of 25 million €/km under favourable conditions. At the maximum speed of: vmax = 1220 km/h and the maximum deceleration rate of: a-= 1.5m/s2 without stops along the line/tub, and a utilization rate of the infrastructure Ui = 80%
b)
The station capacity is so far undefined, because it depends on choices regarding number of tracks and pumping capacity, and on the occupation time of the platform by one vehicle. We assume for the latter 4 min, implying a capacity of no more than 15 veh./h in the case of one track c) Min (Segment; station); Here we assume that the station capacity is not critical and that the line capacity equals the segment capacity d) We assume that the demand volume is sufficient for providing the maximum frequency, partly because the transport capacity of the Hyperloop is low at the highest frequency, and partly because a quick scan for Europe revealed that the potential demand for Hyperloop likely exceeds the capacity by far [32] The costs of 1 km of the HL line/tube will likely be somewhat higher than the cost of Maglev because the latter system does not have the costs for tube construction and the costs for vacuum pumps. On the other hand, the HL does not need the concrete guideway unlike the Maglev. Consequently, it is assumed that the construction costs of the two systems are similar and therefore adopted to be 25 million €/km for the HL system built on solid soil This appears more than double the costs that were estimated by Musk [4] .
Assuming that the actual cost of 40 million €/km for the current Maglev track built on weak soil could have been reduced to about 35 million €/km by using a modular design, the latter figure is adopted for the HL system as well.
The estimated costs for building tunnels at the HL system of 34.0 million €/km [4] can only be compared with the corresponding costs of the railway or road tunnels -the Gotthard base tunnel consisting of two single-track tunnels: 200 million €/km [26]; the Chuo Shinkansen railway line in Japan between Tokyo and Nagoya where 60% of the line goes through tunnels: 160 million €/km [27] ; the Channel tunnel between France and Britain of the length of 50.5 km: 4.65 billion £/km (1990) or 190 million €/km (2015) [28] . These figures indicate that the tunnel costs for a double track railway line are in the order of 200 million €/km. This is likely considerably higher than the corresponding costs at the HL system. One of the main reasons is a much smaller diameter of the HL tube -for example, the two single-track Gotthard tunnels with diameters of about 9 m vs a HL tube of 3.3 m. The tunnel construction costs for two HL tubes might then even be somewhat lower than the costs for one single-track rail tunnel. If it is assumed that the costs were underestimated by about a factor 2, just like the argued underestimation for the tube on pylons, the real costs for two parallel tubes would be in the order of 70 million €/km.
b) Capital cost for building stations/terminals
The building costs for a station/terminal were estimated to be about 125 million $US (116 million €). The costs for the two stations of the current Maglev line near Shanghai could be 130 million US$ for two stations (i.e., 77 million €/station), which is significantly lower than the above-mentioned amount [4] . However, the HL system's stations are more complex than that of the Maglev system because they should give access to vehicles in the evacuated tubes as mentioned above. Therefore, it is assumed that the cost per station of the HL system of €116 million is a fairly good estimate. Stations at nodes of the network where several lines inter-connect will likely be more expensive.
c) Costs of vehicles
The costs for purchase of a vehicle (capsule) were estimated to be about €1.42 million [4] . These are the costs of a vehicle without toilets. Adding a toilet is supposed to increase the costs to about €1.52 million. For the purpose of comparison, the cost of one carriage of a Maglev train with the capacity of 90 seats are €12.5-15 million (compared to the capacity of the HL capsule of 28 seats) [25] . The average unit cost per seat which might be rather comparable are €0.14-0.17 million for the Maglev and €0.054 million estimated for the HL. In the present case, it is assumed that the average unit cost for the HL capsule is 0.17 million €/seat, which is more than the threefold of the above-mentioned estimation by Musk [4] . The assumed cost of a capsule is then €4.8 million.
d) The annual costs
The capital costs discussed above as incidental costs can be calculated as the annual costs (depreciation and interest) as follows:
where C b(e) is the annual capital cost of the cost element e (€/track, station, and/or vehicle); C B(e) is the incidental capital cost of the cost element e (€); R e is the residual value of cost element e (€); L t(e) is the life span of infrastructure element e (years); and I t is the interest rate (%/year). Table 3 gives an overview of the incidental investment and the annual costs for the HL system. In all cases, it is assumed no residual value (R e = 0) for all cost elements, the interest rate: I t = 4%/year, and the life spans as an average used in the EU-countries for the rail and road infrastructure and rolling stock [29] . The value 2015 van 
e) Maintenance costs of infrastructure and rolling stock
For the maintenance costs of the HL lines/tubes, stations, and rolling stock, a fixed ratio to the capital costs is assumed. The World Bank [30] states that the variable component of rail infrastructure cost can vary from just a few percent to about 30% depending on the intensity of use. The HL system is assumed to be heavily used, leading to relatively high maintenance cost, but the ratio to the capital cost will be smaller than for rail because of the lack of physical contact between the vehicles and the infrastructure. Consequently, the ratio of 10% is assumed for both infrastructure and vehicles setting the annual maintenance costs at 10% of the annual capital costs.
f) Operating costs
The operating costs consist of the costs for staff in the vehicles and at the stations, and the traffic management costs. Generally the energy costs for moving the vehicles are also part of the operating costs, but the HL is a special case because it is assumed to take energy from the solar panels at the top of the tube. Some estimates indicate that such produced energy exceeds the energy consumption by the vehicles [4] . The capital and maintenance costs of the solar panels and the transmission of energy to the vehicles are then the only energy costs.
The costs for employees in the vehicles and stations depend on the organization, i.e., the number of employees in the vehicles, and manpower needed for ticket sales and control. In the present context, it is assumed that in each capsule one employee is present checking the seat belts, helping in the case of problems, and possibly providing some food and drink. The staff at stations would include two employees per station controlling and possibly selling tickets, and helping and guiding passengers. Assuming that the average operation time of a capsule is 15 h/day, that stations are opened for 18 h/day, and that the average working time of an employee is 7 h/day (including holiday and sickness absence), the number of full-time employees for a single capsule is 2.14 and for a station 5.14. Assuming an average annual wage of €35,000, the annual operation cost for one capsule would be €75,000 and for a station €180,000. These costs appear to be relatively small compared to the capital cost.
The traffic management costs depend on the intensity of use and the complexity of the network. It is assumed that these costs are equal to the wage of one employee for each 1000 km of 'double tube'. Assuming an operation time of 18 h per day, 2,57 full employees are needed per 1000 km of the line/tube. The relating annual costs would be €90,000/1000 km, or €90/km.
g) Overhead costs
The overhead costs include the capital and maintenance cost of real estate, and the staff costs. In the present context, it is assumed that the real estate costs are marginal compared to the capital and maintenance costs of the HL infrastructure. As such they are neglected. As far as the staff costs, one overhead employee is assumed per each ten employees needed for operation, these costs are included by increasing the costs of operational staff for 10%. Table 4 gives an overview of the annual unit costs of the HL system. At vehicles, the costs are also expressed per seat and seat-km, which makes them comparable to that of other transport systems. For the calculation of numbers per seat km, we assume 28 seats per capsule, 15 operating hours per day per capsule, and an average distance of 600 km per hour in the operating period.
h) Overview of the costs
The vehicle cost per seat-km is very low compared to the vehicle costs of other systems. Earlier calculations indicated that these costs ranged from 0.022-0,058 €/s-km (1993€) at different public transport systems in the Netherlands [31] . These costs would be even higher when expressed in 2015€, but public transport provision has become more cost-efficient since. An interesting finding in the study was that the costs are negatively correlated to the speed of a system. The explanation is the fact that most cost components are time related, like the salary of the staff, which lowers the cost per km when the speed increases. Very low costs for the extremely fast HL system could then be expected. An additional explanation is that the energy costs -the only cost component where the per-km cost increases with distance-are not included in the HL vehicle costs.
Revenues/prices
At an economically viable transport system as the HL system intends to be, the average unit price that the users/passengers pay should at least cover the corresponding total average unit cost. These costs depend on the local conditions and the configuration of the system, including
Soil condition, natural barriers; the impact is illustrated in Table 4 . Average station spacing. Connectivity; this defines together with the station spacing the number of stations per km track that has to be built; in the case of just one line connecting two stations, the number of stations per km at a given station spacing is about two times the number in a large network. Frequency of the services; when the service frequency increases, the infrastructure costs are divided among more services and will be lower per ride. Load factor of the vehicles; this is inversely linearly correlated with the costs per passenger; because of the low transport capacity of the HL (see Table 2 ) and the high market potential because of the very high speed (even higher than the airplane), generally a high load factor might be expected [32] .
The costs for the track infra make up the major part of the costs. This implies a strong relation between service frequency and costs per person km. Figure 6 shows this relation for three types of local conditions, starting from the costs in Table 4 . Assumptions are a station spacing of 500 km, a high network connectivity, and a load factor of 80%. The indicated frequencies range from 15 to 216 dep/ day/direction, which is the maximum capacity based on the traffic capacity of μ = 12 dep/h (Table 2 ) under conditions of operation during 18 h/day.
The lowest costs (and the cost-meeting fares) in the figure, in the case of 216 services per day, are €0,30 in the case of solid soil along the whole route, €0,36 in the case of 50% solid soil and 50% weak soil, and €0,40 in the case of 50% solid soil, 40% weak soil, and 10% tunnel. A comparison with the fares of alternative modes is difficult because there is generally a wide range of fares for the same route because of revenue management. Based on the experiences of De Decker [33] , the most common fares for high-speed trains would be between €0,15 and €0,25 per km, and those for conventional long-distance trains about half the HSR fares. The fares for low-cost airlines are also significantly lower than the HSR fares.
We remind the reader that the HL cost calculations regard the system with larger dimensions that enables to walk through the vehicles and visit the toilet. These costs could be 20-30% higher than those for a smaller system where passengers only can sit (according to Musk [4] who calculated figures for the two systems). A small-dimensioned system would still be expensive compared to the other longdistance travel modes.
Cost calculations for a still not existing transport system are inevitably highly uncertain. However, the cost calculations produce one strong result: the costs are predominantly determined by the costs for the track infra, and therefore a high service frequency combined with a high load factor is needed for cost-meeting fares that are more or less competitive to those of the alternative transport modes.
Social/environmental performance
The indicators of the social/environmental performances of the HL system include noise, safety, energy consumption and related emissions of GHGs (Green House Gases), and land use.
Noise
Noise produced by transport vehicles can cause annoyance and harmful effects to people living and/or working close to transport routes. Moreover, traffic noise limits the possible use of space along the routes, and hence may cause an opportunity cost regarding land use. The impact of noise depends on the noise levels at sources, the number of people exposed to them, and duration of the noise exposure. This implies that this performance at the considered systems mainly depends on the routing of transport lines and speed and number of passing by vehicles. The HL is supposed to hardly produce any external noise affecting relatively close population. This is due to the fact that the HL is not in contact with the tube and therefore there is no transfer of vibration. Any noise from the capsule itself will not be heard outside the tube and the low air pressure inside the tube prevents noise from moving the capsule. The only potential source of noise could be the vacuum pumps, but these are assumed to produce negligible noise [21] .
Safety
In evaluating the performance of a transport system a distinction is usually made regarding the internal and external safety. The internal safety relates to risk and damage caused by incidents to the users/operator of the transport system itself. The external safety reflects the possible risk and damage of accidents/incidents to people and their living/working environment outside the systems. The HL system is a dedicated and closed transport system, excluding any kind of interaction with other transport modes and its direct environment. Hence there are no external safety concerns, giving the HL system seemingly an advantage over its prospective counterparts -APT and HSR.
Internal safety benefits are expected because the HL system is a completely automated system and hence excludes the possibility of human errors. In addition the HL system is supposed to be designed according to the fail-safeprinciple: in case of danger (e.g., a rapid depressurization in the capsule or tunnel), the "clever" systems will stop the capsule and, if needed, will provide means of individual salvation (e.g., oxygen masks for passengers). However, many safety issues still need further consideration, elaboration and testing, such as for example, evacuation of people, stranded capsules, incorporation of emergency exits, etc. [20] .
Energy consumption and emissions of GHGs (green house gases)
The HL system is expected to be less energy demanding compared to the HSR mainly due to having less friction with the track(s) and low air resistance due to the low pressure in the tube. Some preliminary estimates have suggested that the HL system can be about 2-3 times more energy-efficient than the HSR, and depending on transport distances, about 3-6 times more energy-efficient than APT [20] . This is mainly because the HL system is intended to be completely propelled by the electrical energy obtained by the solar panels on top of the tube(s). These are claimed to be able to generate more than the energy needed to operate the system. This also takes into account that sufficient energy can be stored (e.g., in the battery packs on board the vehicles) to operate the system at night, in periods of cloudy weather, and in tunnels [4] .
In general, emissions of GHGs are directly related to the energy consumption. If only emissions of GHGs by operations are considered, regarding the above-mentioned primary energy source, the HS system will not make any of them. However, the indirect emissions from building the infrastructure (lines and stations/terminals), rolling stock (capsules), and other equipment should be taken into account in cases of dealing with the system's life-cycle emissions of GHGs.
Land use
In general, land used to facilitate transport systems cannot, except for underground transportation, be used for other purposes, hence creating an opportunity cost. The valuation of land occupied by the HL system will be a function of the space that is needed (width and length of the infrastructure) and the value of the land. The latter will depend heavily on the specific routing of the line. On the one hand, the HL system is planned to be elevated on pillars, so the effective land occupation on the ground (net area of land needed) can be limited. On the other hand, it remains to be seen if the space between the pillars can be used meaningfully. Moreover, the elevated construction may bring along visual pollution. In general the total amount of land (gross area of land) required for new transport infrastructure can be minimized by maintaining the route as close as possible to the existing transport infrastructure. The HL system's tubes will be mounted side by side on elevated pillars. For the small tubes -designed for passenger transport only -the size of the pillar that carries two tubes is about 3.5 m wide [21] . The tubes for mixed traffic (passengers and freight) are larger and hence the pillars for these tubes are also expected to be larger, i.e. 5.2 m. Since the pillars will be spaced averagely 30 m and the possibilities to use the space on the ground in between effectively is limited, the net area needed for 1 km of HL system's line will be about 0.5 ha. The average gross area of taken land by the line is estimated to be about 1.0 ha/km. Despite of more efficient land use of the HL system, it is likely that it will have higher cost of land than, for instance, its HSR counterpart. This is because the HL system is less flexible than HSR system in routing the line particularly in terms of accommodating to the sharp turns. summarized in Table 5 . For those estimations HL, HSR, and APT systems are considered as potential competitors in the medium-distance passenger transport markets(s) of the length of 600 km. Mode-specific assumptions are presented below Table 5 in the form of notes.
As can be seen, some indicators are expressed in quantitative and some others in qualitative terms, the latter based on a relative performance, i.e., relative ranking the transport systems at three levels -low, moderate, and high. Table 5 demonstrates that the most striking differences between the HL mode and the two other modes regard the vehicle capacity, the vehicle costs per seat km, and the GHG emissions. In all cases, the values are low for HL. The low vehicle capacity results from the assumed short vehicle length. Coupling vehicles would increase the capacity, but moving coupled vehicles through curves might be a technical challenge. Moreover, the chamber lengths have to be increased. The low vehicle costs per seat km can be explained by the extremely high speed (most vehicle costs are correlated with time and not with 
Conclusions
Hyperloop (HL) is a new mode of transport that claims to be a competitive and sustainable alternative to the long-distance rail transport (HSR (High Speed Rail)) and the medium-distance APT (Air Passenger Transport) system (less than or equal to 1.500 km). Taking into account that the performance of the HL system can be considered in different ways and from the perspectives of different stakeholders (i.e., passengers, transport operators, government authorities, and society) the operational, financial, social/environmental performances of the HL system have been investigated and evaluated.
In comparing the HL with the HSR and APT system, it has been found that the HL system has relatively positive social/environmental performances, particularly in terms of the energy consumption, emissions of GHGs, and noise. The HL system can potentially be a very safe mode, but both HSR and APT have also a very good safety track record.
A major weak point of the HL system technology appears to be its rather low transport capacity, mainly due to the low seating capacity of individual vehicles/capsules, which affects both the operational and the financial performance. Consequently, the investment costs of HL infrastructure make up a large part of the total costs per seat-kilometre, raising the latter to a higher level than those of its counterparts -HSR and APT. Hence, the break-even fares would also be higher, even if the load factor is relatively high. This finding suggests that HL-application may be limited to the premium passenger transport market, in which there is 'willingness to pay' for the strongest feature of HL system service carried out at the very high average speed.
So far, the HL technology is in its infancy and there are still many uncertainties around the system that need further exploration. From operational perspective, an important research issue is if and how the HL system transport capacity could be increased, for instance, by increasing the number seats or coupling several capsules into a single vehicle ('train'). And also to what extent such change in capacity could influence other operational, financial and socio/environmental performances of the system. An initial study explored the relationship of HL vehicle capacity to total energy consumption and found the former being rather insensitive to the latter (Decker et al., 2017) . From financial perspective, further research is needed to more accurately estimate costs associated with HL development especially with respect to infrastructure (i.e. tracks, stations and vehicles) which form the larger part of the total costs per seat-kilometre. Apparently, further specification of these costs requires more research on technological aspects of the system. Finally, from social/environmental perspective, further research is required in exploring the total life-cycle energy consumption and GHGs emissions of the system including infrastructure development (lines and stations/ terminals), rolling stock (capsules), and operation of subsystems such as the vacuum pumps. Moreover, estimation of social performance of the system would be improved by further research on possible implications of HL for social welfare such as accessibility to life-enhancing opportunities and creation of jobs (direct and indirect).
